The yield of electrons generated by gold nanoparticles due to irradiation by fast charged projectiles is estimated. The results of calculations are compared to those obtained for pure water medium. It is demonstrated that a significant increase in the number of emitted electrons arises from collective electron excitations in the nanoparticle. The dominating enhancement mechanisms are related to the formation of (i) plasmons excited in a whole nanoparticle, and (ii) atomic giant resonances due to excitation of d electrons in individual atoms. Decay of the collective electron excitations in a nanoparticle embedded in a biological medium thus represents an important mechanism of the low-energy electron production. Parameters of the utilized model approach are justified through the calculation of the photoabsorption spectra of several gold nanoparticles, performed by means of time-dependent density-functional theory.
I. INTRODUCTION
In this paper, we perform a theoretical and numerical analysis of electron production by gold nanoparticles irradiated by fast ions. It is demonstrated that gold nanoparticles significantly enhance the electron yield due to the collective response to an external electric field of a charged projectile. A significant increase in the number of emitted electrons comes from the two distinct types of collective electron excitations. Plasmons, i.e. collective excitations of delocalized valence electrons, dominate the spectra of electron emission from metallic nanoparticles in the energy range of about 1−10 eV. For higher electron energies (of a few tens of eV), the main contribution to the electron yield arises from the atomic giant resonance associated with the collective excitation of 5d electrons in individual atoms of a nanoparticle. As a result of these effects, the number of the low-energy electrons generated by the gold nanoparticle of a given size significantly exceeds that produced by an equivalent volume of water. Thus, decay of the collective electron excitations formed in the nanoparticles represents an important mechanism of generation of the low-energy electrons.
At present, a vivid scientific interest is in utilizing noble metal nanoparticles as dose enhancers in cancer treatments with ionizing radiation [1] [2] [3] [4] . Injection of sensitizing nanoparticles into a tumor can increase relative biological effectiveness of the ionizing radiation, defined as a ratio of the doses delivered with photons and with a given charged projectile, leading to the same radiobiological effect. After the first experimental evidence of radiosensitization by gold nanoparticles [5] a number of follow-up experiments with noble metal and other metallic nanoparticles were performed in recent years [6] [7] [8] [9] [10] .
Biodamage due to ionizing radiation involves a number of phenomena, which happen on various spatial, time and energy scales. The key phenomena can be described within the so-called multiscale approach to the physics of radiation damage with ions [11] . In ion-beam cancer therapy [12] [13] [14] , which is one of the promising modern techniques for cancer treatment, radiation damage is initiated by ions incident on tissue. Propagating through a biological medium, the projectiles deposit their kinetic energy by exciting and ionizing the medium. This interaction leads also to the production of secondary electrons as well as free radicals and other reactive oxygen species. It is currently acknowledged that all these secondary species largely cause the biological damage [11, [15] [16] [17] . The lowenergy electrons, having the kinetic energy from a few eV to several tens of eV, have been shown to act as important agents of biodamage [18] [19] [20] . In particular, it was indicated that such electrons can produce damage to biomolecules by dissociative electron attachment [21] .
It is acknowledged that an important mechanism of excitation/ionization of metallic clusters and nanoparticles, as well as some other nanoscale systems, relies on the formation of plasmons, i.e. collective excitations of delocalized valence electrons that are induced by an external electric field [22, 23] . These excitations appear as prominent resonances in the excitation/ionization spectra of various systems, and the position of the resonance peak depends strongly on the type of a system. In the case of metallic clusters, a typical energy of the plasmon excitations is about several electronvolts, so the resonance peak is located in the vicinity of the ionization threshold [24, 25] . The effects of resonant enhancement of ionization in atomic (metal, in particular) clusters exposed to a laser field were reviewed in Ref. [26, 27] .
In the recent Monte Carlo simulation [28] , the authors claimed to include the contribution of plasmon excitations when calculating the cross sections of electron and proton impact on noble metal nanoparticles. However, only "...the most simplest type of volume plasmon excitation..." was accounted for in those simulations [28] .
On this basis, it was stated that the plasmon excitation does not play an important role in the process of electron emission from metallic nanoparticles, contributing much less to the overall cross sections than individual excitations.
In this paper, we demonstrate that the decay of plasmon excitations formed in gold nanoparticles is an important mechanism of generation of the low-energy secondary electrons. As we point out, the dominating contribution to the electron yield due to plasmon excitations comes from the surface plasmon, since its contribution to the ionization cross section exceeds that of the volume plasmon, considered in Ref. [28] , by an order of magnitude.
Another important mechanism of low-energy electron production by sensitizing nanoparticles is associated with the collective excitation of d electrons in individual atoms. These excitations result in the formation of the so-called atomic giant resonances in the ionization spectra of many-electron atoms [29, 30] .
The results of the present calculations are compared to those carried out for pure water medium. We demonstrate that the number of low-energy electrons produced by the gold nanoparticle of a given size exceeds that produced by an equivalent volume of water by an order of magnitude. Providing this quantitative analysis, we indicate the advantage of using gold nanoparticles in cancer treatment with ionizing radiation. This result supports the conclusions of the recent experimental studies [31, 32] which revealed the importance of gold nanoparticles in facilitating the production of low-energy electrons, which are responsible for DNA damage.
The contribution of the plasmon excitations is evaluated by means of a model approach based on the plasmon resonance approximation (PRA) [22, [33] [34] [35] . Parameters of the utilized model are justified by calculating photoabsorption spectra of several small gold nanoparticles. To validate our approach, the PRA-based spectra are compared with those obtained by means of a more advanced method, namely by time-dependent densityfunctional theory (TDDFT) [36] . To evaluate the contribution of individual atomic excitations, we introduce an analytical expression, which relates the cross section of photoionization with that of inelastic scattering in the dipole approximation. In this paper, we consider gold nanoparticles as a case study but indicate that the introduced methodology is a general one and can be applied for other nanoscale systems, which are proposed as sensitizers in ion-beam cancer therapy.
The paper is organized as follows. Section II is devoted to the description of the theoretical framework. We outline the main points of the TDDFT approach and briefly overview the PRA. The results of the calculations and their analysis are presented in Section III. The photoionization spectra of gold clusters obtained by means of TDDFT are discussed in Section III A. In Section III B, we analyze the nature of the low-energy peak in the photoabsorption spectra of gold clusters and provide an explanation of why this feature can be attributed to a collective, plasmon-type excitation of valence electrons. In Section III C, we analyze the contribution of the plasmon excitations to the electron production by gold nanoparticles due to irradiation with fast ions. In Section III D, we account for the individual atomic excitations and give the resulting quantitative analysis for the electron yield from the gold nanoparticles. In Section III E, we consider different kinematic conditions and estimate the role of the plasmon excitations in the low-energy electron production as a function of the nanoparticle size and the projectile velocity. Finally, we draw the conclusions from this work.
The atomic system of units, m e = |e| =h = 1, is used throughout the paper.
II. THEORETICAL FRAMEWORK AND COMPUTATIONAL DETAILS
Studying the electron production by gold nanoparticles irradiated by fast ions, we account for the two collective electron effects, namely excitation of delocalized valence electrons in a nanoparticle (plasmons) and that of d electrons in individual atoms (giant resonances). These phenomena occur in various processes of interaction of ionizing radiation with matter. In particular, dipole collective excitations result in the formation of prominent resonances in the photoabsorption spectra of atomic clusters and nanoparticles [22, 23] , while the impact ionization cross sections comprise also the contributions of higher multipole terms [34] . As we demonstrate below, the total photoabsorption spectrum of a gold nanoparticle in the energy region up to 60 eV is approximately equal to the sum of the plasmon contribution and that of the 5d electron excitations in individual atoms, σ γ ≈ σ pl + σ 5d . Similar to the photoionization, the two distinct types of collective electron excitations appear in the process of impact ionization. On this basis, we provide a methodology for analyzing the role of these contributions to the electron production by sensitizing nanoparticles separately.
To evaluate the contribution of the plasmon excitations, we have utilized the PRA approach [22, [33] [34] [35] . It postulates that the dominating contribution to the cross section comes from collective electron excitations, while single-particle effects give much smaller contribution in the vicinity of the plasmon resonance [37, 38] . During the past decades, this approach has provided a clear physical explanation of the resonant-like structures in photoionization spectra [33, 39, 40] and differential inelastic scattering cross sections [38, [41] [42] [43] [44] [45] of sodium clusters and carbon fullerenes by the photon and electron impact. It was also applied [33, [46] [47] [48] to describe the dynamic response of alkali and noble metal clusters in the processes of radiative electron capture, polarization bremsstrahlung and multiphoton excitation.
The PRA relies on a few parameters, which include the oscillator strength of the plasmon excitation, posi-tion of the plasmon resonance peak and its width. The choice of these parameters can be justified by comparing the model-based cross sections either with experimental data or with the results of more advanced calculations. Ref. [31, 32] provided an experimental evidence that a considerable portion of radiosensitization by gold nanoparticles arises from the emitted low-energy electrons. The experimental yield of 0 − 15 eV secondary electrons emitted from gold nanoparticles of about 5 nm in diameter was presented in Ref. [31] . The cited paper demonstrated an evidence of DNA damage by the lowenergy electrons produced by irradiation of the nanoparticles with fast charged projectiles. However, to the best of our knowledge, there are no experimentally measured impact ionization cross sections of gold clusters and nanoparticles with photons and charged projectiles covering the photon energy / energy loss range of about 1 − 10 eV. Therefore, we have calculated photoionization spectra of several gold clusters by means of TDDFT and then fitted the ab initio-based spectra with those calculated within the model approach. Such a methodology allowed us to define the resonance frequencies and to calculate the oscillator strength of the plasmon excitations in gold nanoparticles. Note that values of the plasmon width cannot be obtained directly on the basis of the utilized model. A precise calculation of the widths can be performed by analyzing the decay of the collective excitation mode into the incoherent sum of single-electron excitations. This process should be considered within the quantum-mechanical framework [38] and cannot be treated within the classical physics framework, as the PRA does. Thus, the widths of the plasmon excitations were chosen to obtain the best agreement with the results of the TDDFT calculations.
A. TDDFT calculations of photoabsorption spectra As a case study we have considered four threedimensional gold clusters consisting of 18 to 42 atoms, namely Au 18 , Au 20 , Au 32 , and Au 42 . The former two systems, which were observed experimentally, possess C 2v and T d symmetry, respectively [49, 50] . The latter two are hollow, fullerene-like icosahedral structures whose high stability was predicted theoretically on the basis of DFT calculations [51] [52] [53] .
The photoabsorption spectra have been calculated as follows. At first, we performed the geometry optimization using the Gaussian 09 package [54] . The optimization procedure was performed by means of DFT within the generalized gradient approximation (GGA) and using the effective-core potential CEP-121G basis set [55] augmented by d-polarization functions. The utilized basis set has the 4f frozen core, so that 19 electrons (5s, 5p, 5d, and 6s) from each gold atom were explicitly treated in the course of optimization. To account for the exchange and correlation corrections, the functional of Perdew, Burke and Ernzerhof [56] was utilized. Different spin multiplicities were considered in the course of geometry optimization. Figure 1 shows the ground-state geometries of the studied clusters. The linear response function of the clusters was calculated within the dipole approximation. Within this framework [57] , the external potential acting on a system is represented as a sum of a time-independent part, v 0 ext (r), and a time-dependent perturbation, v ′ ext (r, t). The time evolution of the electron density, ρ(r, t), is then represented as a sum of the unperturbed ground-state density and its variation due to v ′ ext (r, t): ρ(r, t) = ρ 0 (r) + δρ(r, t) .
(
Performing the Fourier transform of the timedependent quantities involved, one gets the response of the system to an external perturbation in the frequency representation. For the perturbation due to a uniform electric field, v ′ ext (r, ω) = −E(ω) · r, the Fourier transform of the induced dipole moment reads
Here i, j denote the Cartesian components, and α ij (ω) is the dynamic polarizability tensor which describes the linear response of the system to the external electric field:
χ(r, r ′ , ω) is the generalized frequency-dependent susceptibility of the system, and r i and r ′ j are the components of the position vectors r and r ′ . The photoabsorption cross section is related to the imaginary part of the diagonal elements of the polarizability tensor α ij (ω) through
where c is the speed of light. Within the approach introduced in Ref. [58] [59] [60] , the electron density variation, δρ(r, ω), is expressed via the so-called Liouvillian operator L,
whose action onto δρ(r, ω) is defined as:
Here H 0 is the ground-state Kohn-Sham Hamiltonian calculated within the DFT approach. The quantities v ′ H (r, ω) and v ′ xc (r, ω) stand for the linear variations of the frequency-dependent electrostatic and exchangecorrelation potentials, respectively [60] . The polarizability tensor α ij (ω) is defined then by the off-diagonal matrix element of the resolvent of the Liouvillian L:
which is calculated using the Lanczos recursion method (see Ref. [58] [59] [60] for details). Based on the frequency representation of the response function, this method allows one to calculate the total photoabsorption spectrum of a complex many-electron system in a broad energy range without repeating time-consuming operations for different excitation energies [58] . The photoabsorption spectra of the clusters were obtained using the TDDFPT module [61] of the Quantum Espresso software package [62] . The optimized geometries were introduced into a supercell of 20 × 20 × 20Å 3 .
Then, the system of Kohn-Sham equations was solved self-consistently for valence electrons of the clusters to calculate the ground-state eigenvalues using a plane-wave approach [62] . In the calculations, we used a Vanderbilt ultrasoft nonlinear core-corrected pseudopotential [63] , which substitutes real valence atomic orbitals in the core region with smooth nodeless pseudo-orbitals [59] . For that, eleven outer-shell electrons (5d 10 6s 1 ) of each gold atom were treated as the valence ones. The obtained results were checked by performing a series of calculations with different values of the supercell size and the energy cutoff. The spectra presented in Section III A were obtained with the kinetic energy cutoff of 30 Ry for the wave functions and 180 Ry for the electron densities.
One should note that although the size of the studied systems is not so large (about 1 nm in diameter), the largest considered cluster, Au 42 , contains 462 outer-shell electrons, which should be simultaneously accounted for in the DFT/TDDFT calculations. This makes the ab initio-based calculation of the spectra quite demanding from the computational viewpoint. To analyze the dynamic response of the systems, which are currently used in the experimental studies on sensitization [6] [7] [8] [9] [10] , one should therefore utilize model approaches. They should also describe adequately the response of smaller systems and must be validated by comparing the results of the ab initio-and model-based calculations.
B. Plasmon resonance approximation
To describe plasmon excitations arising in gold nanoparticles, we have adopted a simple but physically grounded model which treats the studied highlysymmetric clusters, Au 32 and Au 42 , as a spherical "jellium" shell of a finite width, ∆R = R 2 − R 1 . In other words, the electron density in these systems is assumed to be homogeneously distributed over the shell with the thickness ∆R. Such a "jellium"-shell representation has been successfully utilized for the description of plasmon formation in fullerenes [39, 40, 44, [64] [65] [66] . In this work, we utilize this model for the description of the fullerenelike hollow gold clusters. Values of ∆R were defined from the analysis of the ground-state geometries of Au 32 and Au 42 . This analysis revealed that the atoms are located on two concentric spheres of the radii R 1 and R 2 (see Table I ).
Within the PRA, the dynamic polarizability α(ω) has a resonance behavior in the region of frequencies where collective electron modes in a many-electron system are excited. Thus, the photoionization cross section σ γ (ω) of a spherically symmetric system can be written as:
where ω is the photon energy, ω r the plasmon resonance frequency, and Γ its width. The interaction of a hollow system with the uniform external field, E(ω), leads to the variation of the electron density δρ(r, ω) occurring on the inner and outer surfaces of the hull. This variation leads to the formation of the surface plasmon, which has two normal modes, the symmetric and antisymmetric ones [64] [65] [66] [67] . It has been argued previously [33, 35, 67, 68] that only the surface plasmon can occur in the system interacting with a uniform external electric field, as it happens in the photoionization process. When a system interacts with a non-uniform electric field created, for instance, in collision with a charged particle, the volume plasmon can also occur due to a local compression of the electron density in the shell interior [35, 38] . Thus, in the case of irradiation of hollow gold clusters by dipole photons, two surface plasmon modes, characterized by resonance frequencies ω r = ω (s) and ω r = ω (a) and the widths Γ (s) and Γ (a) , are formed. The frequencies are defined as [64] [65] [66] :
where the signs '−' and '+' correspond to the symmetric (s) and antisymmetric (a) surface mode, respectively, p = 1 + 8ξ 3 with ξ = R 1 /R 2 being the ratio of the inner to the outer radius. The values
are the number of delocalized electrons which are involved in each plasmon mode. They obey the sum rule N (s) + N (a) = N where N stands for a total number of delocalized electrons in the system.
As indicated above, interaction of the system with a non-uniform electric field leads also to the formation of the volume plasmon, which appears due to compression of the electron density inside the volume of the shell and, therefore, does not interfere with either of the surface plasmon modes. With neglect of the dispersion, the volume plasmon frequency ω p , associated with the groundstate electron density ρ 0 of N electrons, is given by
The formation of the volume plasmon in the electron impact ionization of metal clusters and carbon fullerenes was revealed in Ref. [38, 44, 45] . The model accounting for the contribution of different plasmon modes was successfully utilized to describe the experimentally observed variation of the electron energy loss spectra of C 60 in collision with fast electrons [44, 45] . A detailed explanation of the formation of different plasmon modes can be found in Ref. [33, 35] .
III. RESULTS AND DISCUSSION
A. Photoabsorption spectra of gold clusters
The photoabsorption spectra of the Au 18 , Au 20 , Au 32 and Au 42 clusters calculated by means of TDDFT for the photon energy up to 60 eV are presented in Figure 2 . The spectra, having a similar profile, are characterized by a low-energy peak located below 10 eV and by a broad feature which has the maximum at about 20 − 25 eV. Our analysis has revealed that this feature is the giant resonance formed due to the excitation of electrons in the 5d atomic shell. To prove this, we have integrated the oscillator strength in the photon energy range from 20.2 eV (ionization threshold of the 5d shell in a single atom of gold) up to 57.2 eV, which is the ionization threshold of the 5p shell [69] 42 , respectively. This indicates that about eight atomic d-electrons contribute to the excitation of the 5d shell forming the broad resonance peak in the photoionization spectra. The 5d giant resonance can be fitted with a Fano resonance profile [70] ,
which is frequently utilized in atomic, nuclear and condensed matter physics to describe resonant scattering processes occurring in various systems. Here, ω 5d stands for the resonance frequency and Γ 5d is the width of the peak. To describe this feature, we have utilized the values ω 5d = 22 eV and Γ 5d = 12 eV. The fitting for the Au 32 cluster is illustrated in Figure 3 by the thick solid purple line.
FIG. 2.
The photoabsorption cross section of the Au18 (black), Au20 (red), Au32 (blue) and Au42 (green) clusters calculated within the TDDFT framework.
The low-energy peak is related to the surface plasmon, which arises due to collective excitation of delocalized electrons in a whole cluster. The integration of the oscillator strength in this energy region reveals that about 1.0 (in Au 20 ) to 1.5 (in Au 32 ) electrons from each atom contribute to the plasmon. Integration of the photoabsorption spectrum of Au 32 up to 11.2 eV (energy at which the first dip after the resonance peak is observed) yields the oscillator strength of 1.43 per atom. The collective nature of the low-energy peak is analyzed in more detail in Section III B.
We have fitted the low-energy peak by means of the PRA scheme. In the case of Au 32 , we have utilized the value N = 46, assuming that 1.43 electrons from each of 32 atoms are involved in the plasmon excitation. The values of Γ (s) and Γ (a) were chosen to get the best agreement of the model-based curve with the TDDFT one. In Figure 3 , the thick solid (green) curve represents the total plasmon contribution to the cross section. The red and the blue curves illustrate the symmetric and antisymmetric modes, respectively. In this calculation, we have utilized the values Γ (s) = 4.0 eV and Γ (a) = 10.5 eV. The ratio of the widths, Γ (s) /Γ (a) = 0.38, is close to the value of 0.34, which was utilized for the description of the plasmon excitations in fullerenes [39, 45] . Note that the ab initio-based spectrum reveals a more detailed structure which is formed atop the plasmon resonance. This structure represents a series of individual peaks appearing due to single-particle excitations [39] which are neglected in the model.
The oscillator strength, calculated by means of TDDFT in the photon energy range up to the 5p ionization threshold (ω = 57.2 eV), is equal to 338. This value agrees with the total number of valence electrons in the Au 32 cluster, N = 352, with the relative discrepancy of about 5 percent. As mentioned above, we assume that about 1.5 and 8 electrons from each atom contribute to the surface plasmon and the 5d giant resonance, respectively. Thus, we have accounted for the contribution of 9.5 from 11 valence electrons from each atom. The contribution of the rest results in a series of individual peaks, positioned in the photon energy range from 11.2 (the first dip after the low-energy peak) to 20.2 eV (the 5d ionization threshold), that are not accounted for in our model analysis. Integration of this part of the spectrum yields the oscillator strength of 51.5, i.e. 1.6 electrons from each atom contribute to the excitations in this energy region. The individual peaks appear due to single-particle excitations from the s − d band formed due to hybridization of the 6s and 5d atomic shells. On the basis of the performed analysis, the total photoabsorption spectra of gold clusters in the energy region up to 60 eV can be approximated by the sum of the plasmon contribution and that of the 5d electron excitations in individual atoms, σ γ ≈ σ pl + σ 5d .
In order to stress the different nature of the low-and high-energy features in the photoabsorption spectra of the clusters, we performed an additional comparison with the spectrum of a smaller molecular system, a gold dimer. Figure 4 demonstrates the spectra of Au 32 and Au 2 normalized to the number of atoms in each system. The spectra have a similar profile in the energy region above 15 eV. This indicates the same origin of excitations in the dimer and in larger atomic clusters, that is related to the excitation of electrons in the 5d shell. The ripple, which is seen at high photon energies, has an artificial origin and arises due to the method of calculation of the dipole susceptibility, which is obtained at complex frequencies with an imaginary part of 0.5 eV. The normalized spectra are compared also to the x-ray absorption data for atomic gold taken from the Henke tables [69] . We state a consistency of the TDDFT-based spectra and well-established set of data. On the contrary, the low-energy part of the spectrum is quite different in the two considered cases. The cross section of the dimer is represented by several well-resolved narrow peaks due to particular molecular transitions, as opposed to a broader feature appeared in the spectrum of Au 32 . The inset of Figure 4 shows that the low-energy part of the spectrum of Au 2 is described by the two peaks, positioned at 2.7 and 5.4 eV, followed by the prominent peak at 6.1 eV. The latter peak corresponds to ionization of the molecule (the ionization threshold of Au 2 is marked by the dashed vertical line). Therefore, one can observe a clear difference in the structure of the two spectra below 10 eV, that indicates two different mechanisms of electronic excitations arising in this energy region, namely well-resolved molecular transitions in the case of Au 2 and the collective excitation of delocalized electrons in the Au 32 cluster. In the following section, we analyze the difference in the structure of the valence band of Au 32 and Au 2 in greater detail.
B. Plasmon nature of the low-energy peak
Here, we provide an explanation of why we attribute the low-energy peak in the photoabsorption spectra of gold clusters to a plasmon-type excitation.
The term "plasmon" is generally used to describe a collective excitation of delocalized electrons of a system to an external electromagnetic field. Quite commonly, it is understood in terms formulated, for example, by Fano. In his review [71] on collective phenomena in nanoscale systems and in condensed matter, it is stated that "...common to these phenomena [plasmons, superconductivity, etc., i.e. those phenomena which are based on the motion of (quasi)independent particles] is the role of a dense spectrum of states viewed initially as independent. The seemingly weak interaction among these states often condenses into a single eigenvalue separated from the rest of the spectrum by an energy gap". Thus, if a system has a dense packing of states with a small state separation, the excitation of these states may be considered as a collective, plasmon-type one.
In a number of papers [72] [73] [74] [75] , the term "surface plasmon resonance" (SPR) in relation to gold nanoparticles describes a peak in the visible part of the absoprtion spectra (at about 2.3 eV). It was stated that this feature is caused by the collective excitation of 6s electrons in the gold atoms [72] [73] [74] [75] . The corresponding electronic levels are located in the vicinity of the Fermi surface, so that these electrons delocalize over the whole nanoparticle. It was also stated [72, 73] that such a SPR (also referred to as the "localized SPR", LSPR) is a characteristic feature of relatively large systems, while the threshold nanoparticle size for emergence of such plasmonic absorption is about 1.5 − 2 nm (this value corresponds to the number of atoms in the system of about 150 − 200). Smaller gold nanoparticles (less than 1 nm in diameter) should have discrete energy levels and, thus, molecular-type transitions between the occupied and unoccupied states [74] .
On the other hand, it is also well acknowledged that the occupied 6s states in the gold atoms are strongly hybridized with the 5d orbitals. A general remark on this issue is made in Ref. [75] that "...almost always a rather strong mixing is observed, this finding reveals the "collective" nature of the electron excitation".
In Figure 5 , we compare the dipole oscillator strength distribution of the Au 32 cluster and of the Au 2 molecule.
The low-energy peak in the spectrum of Au 32 corresponds to the ionization of the valence band whose structure is shown in the inset. The valence orbitals in Au 32 span over the energy range of about 5.8 eV, so that the HOMO and the innermost valence state have the ionization potentials of 5.77 and 11.57 eV, respectively. The 6s and 5d orbitals are hybridized and degenerated according to the cluster symmetry. Since Au 32 is a highly-symmetric structure possessing icosahedral symmetry [51, 52] , its molecular orbitals are singly, triply, fourfold and fivefold degenerated in accordance with the irreducible representation of the I h point group [76] . In Au 32 , there are 176 valence orbitals which are reduced to 46 because of symmetry of the cluster. Analysis of the valence state separation indicates that this value varies from 0.01 to 0.64 eV, resulting in the average value of 0.13 eV. This value corresponds to those calculated [77] for a number of silver clusters Ag n (n = 20 . . . 120). The emergence of a plasmon peak was observed in these systems by means of the TDDFT approach.
Based on the analysis of the valence band structure and on the explanation given by Fano [71] , we thus associate the low-energy peak in the photoabsorption spectra of the gold clusters with a collective, plasmon-type excitation. However, we note that this excitation involves not only the 6s electrons (as it happens in the case of the LSPR located at about 2.3 eV [72] [73] [74] [75] ) but also some fraction of the 5d electrons because of the strong overlap between the s and d states.
To the further support of this statement, we have analyzed this collective excitation in terms of the classical Mie theory. The Au 32 cluster has a hollow, fullerene-like structure so that the electron density is assumed to be homogeneously distributed in between the two spheres on which the atoms are positioned. Calculating the frequency of a surface plasmon excited in a hull-like system with the help of Eq. (9), one derives the value of 6.3 eV that matches well the position of the dominant feature in the TDDFT-based spectrum of Au 32 . Thus, we can state that the low-energy peak arises due to the collective, plasmon-type excitation of electrons delocalized over the whole cluster. In this estimate, we assumed that 46 electrons (1.43 electrons from each atom) delocalize and participate in the collective excitation. This value is in agreement with the results of Ref. [78] , where the dipole polarizability of a series of three-dimensional gold clusters as a function of their size was calculated. It was found that the calculated polarizabilities suggest a delocalized character of some fraction of d electrons, so that 1.56 delocalized valence electrons contribute to the linear response to an external field.
C. Electron production via the plasmon excitation mechanism
Having justified the parameters of the model that describe the dipole plasmon excitation in gold nanoparti- cles, we extend the model approach to study the electron production due to the plasmon excitation mechanism. Within the PRA, the double differential inelastic scattering cross section of a fast projectile in collision with a hull-like system can be defined as a sum of three terms [35, 44] :
which describe the partial contribution of the surface (the two modes, s and a) and the volume (v) plasmons. Here ε 2 is the kinetic energy of the scattered projectile, p 2 its momentum, and Ω p2 its solid angle. The cross section d 2 σ pl /dε 2 dΩ p2 can be written in terms of the energy loss ∆ε = ε 1 − ε 2 of the incident projectile of energy ε 1 . Integration of d 2 σ pl /d∆ε dΩ p2 over the solid angle leads to the single differential cross section:
where p 1 is the initial momentum of the projectile and q = p 1 − p 2 the transferred momentum. Explicit expressions for the contributions of the surface and the volume plasmons, entering Eq. (13), obtained within the planewave Born approximation, are presented in Ref. [35] . The Born approximation is applicable since the considered collision velocities (v = 2 − 20 a.u.) are significantly larger than the characteristic velocities of delocalized electrons in the gold nanoparticles (v ≈ 0.5 a.u.).
The surface and the volume plasmon terms appearing on the right-hand side of Eq. (13) are constructed as a sum over different multipole contributions corresponding to different values of the angular momentum l:
where i = s, a denotes the two modes of the surface plasmon. The frequencies of the symmetric and antisymmetric modes of the multipolarity l are given by [35, 65] :
where '−' and '+' stand for symmetric (s) and antisymmetric (a) modes, respectively. In the dipole case (l = 1), this expression reduces to Eq. (9). The volume plasmon frequency, ω p , is independent on l as it follows from Eq. (11). Figure 6 shows the cross section dσ pl /d∆ε calculated for the Au 32 cluster irradiated by fast protons of different incident energies as indicated. The figure demonstrates that the amplitude and the shape of the plasmon resonance depend strongly on the kinetic energy of the proton. It was shown previously [41] that the relative contribution of the quadrupole (l = 2) and higher multipole terms to the cross section decreases significantly with an increase of the collision velocity. At high velocities, the dipole contribution dominates over the higher multipole contributions, since the dipole potential decreases slower at large distances than the higher multipole potentials.
The presented spectra comprise contributions of both the surface and the volume plasmon excitations, and different multipole terms contribute to each of them. Calculating the cross sections presented in Figure 6 , we accounted for the contribution of the dipole (l = 1), quadrupole (l = 2) and octupole (l = 3) terms. The excitations with large angular momenta have a single-particle rather than a collective nature [41] . With increasing l, the wavelength of a plasmon excitation, λ pl = 2πR/l, becomes smaller than the characteristic wavelength of the delocalized electrons in the system, λ e = 2π/ √ 2ǫ. Here ǫ ∼ I p is the characteristic electron excitation energy in the cluster, and I p is the ionization threshold of the system. The DFT calculations of the electronic structure of Au 32 derived the value of I p = 5.77 eV, while the calculated HOMO-LUMO gap is 1.54 eV. Thus, one estimates a characteristic excitation energy of delocalized electrons in Au 32 to be of the order of several electronvolts, that results in the account of the three multipole plasmon terms.
Following the methodology utilized in Ref. [45] , we assume that the ratio γ l = Γ l /ω l of the width of the plasmon resonance to its frequency equals to γ (s) l = 0.6 for all multipole terms of the symmetric mode, and to γ (a) l = 1.0 for the antisymmetric mode. In Ref. [39, 45] these values were successfully utilized to describe the main features of the photon and electron impact ionization cross sections of the C 60 fullerene whose topology is similar to the Au 32 cluster. For the volume plasmon we consider the ratio γ
l /ω p = 1.0. Figure 7 illustrates the contribution of different plasmon modes to the spectrum of Au 32 irradiated by a 1 MeV proton and also partial contributions of different multipole modes. The main contribution to the cross section comes from the symmetric mode of the surface plasmon, which, in turn, is dominated by the dipole excitation. The figure shows that the relative contribution of the surface plasmon exceeds that of the volume plasmon by more than an order of magnitude. Thus, the leading mechanism of electron production by gold nanoparticles is related to the surface plasmon. This result contradicts with the recent Monte Carlo simulations [28] , which claimed that the plasmon excitations do not play an important role in the process of electron emission from metallic nanoparticles. Let us stress that only the volume plasmon excitation was accounted for in those simulations. Below we demonstrate that the emission of the low-energy electrons from the gold nanoparticles is indeed a prominent effect, which should be accounted for when estimating the secondary electron yield in a biological medium with embedded nanoparticles.
Note that the maximum of the resonance peak is located at 6.3 eV, that is slightly above the ionization threshold of Au 32 , I p = 5.77 eV. The plasmons located above the ionization threshold can decay via the ionization process [38] . On the contrary, the decay of a collective excitation located below the ionization threshold results in single-electron excitations, which can also be coupled with the ionic motion by the electron-phonon coupling [79] . Therefore, decay of the surface plasmon in Au 32 results in the electron emission from the system which can be accompanied by vibrations of the ionic core. To quantify the production of electrons via the plasmon excitation mechanism, we redefine the cross section dσ pl /d∆ε as a function of the kinetic energy E of emitted electrons. This quantity is related to the energy loss via E = ∆ε − I p , where I p is the ionization threshold of the system. The cross section dσ pl /dE can be related to the probability to produce N electrons with kinetic energy E, in the interval dE, emitted from a segment dx, via [11] :
where V is the volume occupied by the nanoparticle.
Assuming that the linear size of the Au 32 cluster is d ≈ 0.9 nm, we have calculated the number of electrons per unit length per unit energy emitted from this system due to proton irradiation. Figure 8 illustrates the dependence of this quantity on kinetic energy of emitted electrons for different incident energies of the proton.
In Figure 9 , we compare the electron production by Au 32 (red curve) and by an equivalent volume of pure water medium (blue curves) irradiated by a 1 MeV proton. Solid and dashed blue curves represent the results obtained recently within the dielectric formalism [80, 81] . This approach is based on the experimental measurements of the energy-loss function of the target medium, Im[−1/ǫ(ω, q)], where ǫ(ω, q) is the complex dielectric function, with ω and q being the energy and the momentum transferred to the electronic excitation, respectively. Comparative analysis of the spectra reveals that the number of the low-energy electrons (with the kinetic energy of about a few eV) produced by the gold nanoparticle is about one order of magnitude higher than by liquid water.
In the above-presented analysis, we have considered the hollow cluster of diameter d ≈ 0.9 nm. An additional estimate was done also for a solid nanoparticle of a similar size. As a case study, we considered a 1 nm nanoparticle "cut" from an ideal gold crystal having the face-centered cubic (fcc) lattice with the parameter a = 4.08Å. The crystalline structure was constructed using the "Crystal generator" tool [82] of the MBN Explorer [83] software. As a result, we found that the small solid gold nanoparticle is composed of 31 atoms. Thus, its atomic density is close to that of the above-considered Au 32 cluster.
The dynamic response of a solid nanoparticle can also be modeled by means of the PRA formalism assuming that the system is treated not as a "jellium" hull but as a full sphere, where the electron density is uniformly distributed inside the sphere of a radius R [37, 38] . In this case, the electron density variation on the surface and in the volume of the nanoparticle leads to the formation of the surface (symmetric mode) and the volume plasmon, respectively, while the antisymmetric surface plasmon mode does not contribute to the cross section (a detailed explanation of this phenomenon can be found in Ref. [35] ). As shown in Figure 7 in the case of the hollow system, the contribution of the antisymmetric mode in the 1 − 10 eV range is an order of magnitude smaller than that of the symmetric mode. Thus, the absence of the antisymmetric mode in the excitation spectrum of the solid nanoparticle should not lead to quantitatively different results from those presented in Figure 7 . Therefore, all the above-given estimates on the electron production yield by the hollow nanoparticle of about 1 nm diameter should also be valid for the case of the solid fcc structure.
D. Contribution of individual atomic excitations to electron production
As illustrated above (see Figure 3) , there is also a prominent contribution of the atomic 5d electrons to the ionization cross section. The d electrons in the atoms of gold play a dominant role at the excitation energies from approximately 20 to 60 eV. For distant collisions, i.e. when the impact parameter exceeds the radius R at of the atomic subshell, the ionization spectra are dominated by the dipole term [84] . On this basis, we have compared the cross sections of photoionization, σ γ , and the dipole term of atomic inelastic scattering, dσ 5d /d∆ε, calculated in the Born approximation. As a result, one derives the following expression:
where σ γ ≡ σ 5d (ω) is the 5d photoionization cross section estimated by a Fano-type profile, Eq. (12), ω = ε 1 − ε 2 the energy transfer, v 1 the projectile velocity, and R 5d a characteristic radius of the 5d electron shell. Equation (18), obtained within the so-called "logarithmic approximation", assumes that the main contribution to the cross section dσ 5d /d∆ε comes from the region of large distances, R 5d < r < v 1 /ω. This relation has the logarithmic accuracy which implies that the logarithmic term dominates the cross section while all non-logarithmic terms are neglected [48] . Making an estimate for the gold atoms, we assumed ω ≈ 1 a.u. which corresponds to the maximum of the 5d giant resonance in gold [69] , v 1 ≈ 6.3 a.u. for a 1 MeV proton, and the electron shell radius R 5d (Au) ≈ 2 a.u. Note that the interaction of the incident projectile with the nanoparticle leads to the formation of the 5d giant resonance not in all atoms of the system but only in those located within the impact parameter interval from r min ≃ R 5d to r max ≃ v 1 /ω. This estimate indicates that the 5d giant resonance is formed in about one third of atoms of the nanoparticle. The number of electrons per unit length per unit energy produced via the excitation of 5d electrons in individual gold atoms, is defined as:
where n is the atomic density of the target, and A the ratio of the number of atoms possessing the 5d resonance to the total number of atoms in the nanoparticle.
To estimate the total number of electrons produced due to the collective excitations in the gold nanoparticle, we have accounted for the contribution of the plasmon excitations and excitations of 5d electrons in individual atoms. Figure 10 shows the relative enhancement of the electron yield from the Au 32 cluster as compared to pure water. The data for the gold nanoparticle are normalized to the spectrum for liquid water [81] . The solid line shows the contribution of the plasmon excitations to the electron yield, while the dashed line presents the contribution from the atomic 5d giant resonance, estimated using Eq. (18) and (19) . Making this estimate, we have assumed that the ionization cross sections of individual atoms are dominated by the dipole excitation. Contribution of quadrupole and higher multipole terms will lead to an increase in the number of emitted electrons but their relative contribution will be not as large as that from the dipole excitation. Accounting for the plasmon contribution leads to a significant additional increase in the number of 1 − 5 eV emitted electrons as compared to the pure water. Due to the collective electron excitations arising in the ∼ 1 nm gold nanoparticle, it can thus produce up to 70 times larger number of the low-energy electrons comparing to the equivalent volume of pure water medium. The enhancement of the secondary electron yield may increase the probability of the tumor cell destruction due to the double-or multiple strand break of the DNA [11] . The results of the performed analysis indicate that the decay of the collective electron excitations in gold nanoparticles is an important mechanism of the yield enhancement.
E. Different kinematic conditions
In this section, we analyze how the contribution of the plasmon and the 5d excitation mechanisms evolve at different kinematic conditions, namely for different projectile velocities and for the nanoparticles of different size.
In the case of the Au 32 cluster irradiated by a 1 MeV proton, the number of electrons produced via the excitations in individual atoms is generally higher than that produced via the plasmon excitation mechanism (see Figure 10) . At certain kinematic conditions, the plasmon contribution to the low-energy (of about 1 − 10 eV) elec-tron yield from the gold nanoparticle can exceed significantly that due to the atomic giant resonance. An illustration of this effect is given in Figure 11 , where we compare the yield of electron production due to irradiation by 1 and 0.1 MeV protons. We also consider the incident energy of 0.3 MeV which is approximately equal to that of an ion in the vicinity of the Bragg peak [85, 86] . The electron yield due to the plasmon excitations grows with decreasing the projectile's energy (see also Figure 8 ). On the contrary, the yield due to the atomic excitations exhibits a different behavior. The number of electrons emitted from the Au 32 cluster via the decay of the atomic 5d excitation by a 0.3 MeV proton is larger than in the case of a 1 MeV projectile. However, a decrease of incident energy down to 0.1 MeV leads to an abrupt decrease of the number of produced electrons. As follows from Eq. (18), at ε 1 = 0.1 MeV (v 1 = 2.00073 a.u.), the dipole term of the 5d inelastic scattering cross section is strongly suppressed, as the ln(v 1 /ωR 5d ) term approaches zero. In this case, the yield of electrons with kinetic energy below 5 eV due to the plasmon excitation exceeds that due to the 5d atomic excitation by the factor of about 10 3 . Finally, let us analyze the role of the nanoparticle size on the intensity of electron production. In Figure 12 , we consider the electron yield from the solid gold nanoparticles of different size irradiated by the 0.1, 0.3, 1 and 10 MeV protons. We focus on the systems of about 1−10 nm in diameter. Metal nanoparticles of this size range were studied recently in relation to the radiotherapies with charged ions [6, 10] . For the sake of clarity, we have calculated the number of electrons per unit energy, dN/dE. At certain kinematic conditions, the contribution of the plasmon excitations saturates, so that larger nanoparticles emit a smaller number of electrons via the plasmon damping mechanism.
It was shown previously [41] that the dipole mode of the plasmon excitations arising in a nanoparticle gives the dominating contribution to the ionization cross section when the characteristic collision distance exceeds significantly the nanoparticle size, v 1 /ω ≫ D/2 where D is the nanoparticle diameter. At large collision distances, the dipole contribution dominates over the higher multipole contributions. Terms with higher l become significant only in the case when the collision distances become comparable with the cluster size. This means that for a given incident energy the plasmon mechanism of electron production will be efficient for relatively small nanoparticles, while the dipole plasmon mode will be suppressed for larger D. This behavior is illustrated in Figure 12 . For instance, the number of low-energy electrons emitted via the surface plasmon mechanism from a 2 nm nanoparticle irradiated by a 0.3 MeV proton (dashed red curve) is higher than that from the 4 nm nanoparticle (thin solid green curve). In the former case, the characteristic collision distance v 1 /ω ≈ 18 a.u. becomes comparable with the nanoparticle radius, D/2 = 1 nm ≈ 19 a.u. Therefore, a larger nanoparticle with the diameter of 4 nm emits a smaller number of electrons via the plasmon mechanism. A small increase in the number of 5 eV electrons produced by the 4 nm nanoparticle as compared to the smaller one is the result of an increased role of the volume plasmon due to the increased volume/surface ratio. A similar scenario holds for other incident velocities. For a 1 MeV proton, the plasmon contribution to the electron yield saturates for the nanoparticle with the diameter of approximately 4 nm, while for higher energies (ε 1 = 10 MeV) the saturation takes place for the 12 nm nanoparticle.
IV. CONCLUSION
In this work, we have performed a detailed theoretical and numerical analysis of the electron production from gold nanoparticles due to irradiation by fast protons. It has been demonstrated that due to the prominent collective response to an external electric field, gold nanoparticles may significantly enhance the yield of low-energy secondary electrons in the medium. It has been shown that the significant increase in the number of emitted electrons comes from the two distinct types of collective electron excitations, namely plasmons and the excitation of 5d electrons in individual atoms of a nanoparticle.
The analysis of the plasmon contribution has been performed within the model approach based on the plasmon resonance approximation. To justify parameters of the model, photoabsorption spectra of several gold nanoparticles have been calculated and compared with the spectra obtained by means of time-dependent density-functional theory. Our analysis has revealed that the broad feature positioned in the photoabsorption spectra above 20 eV is related to the 5d giant resonance formed due to the excitation of electrons in the 5d atomic shell. The low-energy peak below 10 eV is caused by the formation of the surface plasmon, which arises due to collective excitation of delocalized outer-shell valence electrons in a whole cluster. The integration of the oscillator strength in this energy region has revealed that about 1.5 electrons from each atom contribute to this collective excitation.
The calculated yield of the electron production from gold nanoparticles has been compared to that from pure water medium, based on the dielectric formalism. It has been shown that the number of the low-energy electrons (with kinetic energy of about a few electronvolts) produced by the gold nanoparticle of a given size exceeds that produced by an equivalent volume of water by an order of magnitude. At the energies of about several eV and higher, there is a prominent contribution of the atomic 5d electrons to the ionization cross section and, subsequently, to the electron production yield. Accounting for the collective electron excitations leads to a significant increase of the electron yield enhancement from the gold nanoparticle as compared to pure water. The importance of low-energy electrons is related to their ability to produce biodamage by dissociative electron attachment. The enhanced production of low-energy electrons will also lead to an increase in the number of free radicals as well as other reactive species, like hydrogen peroxide H 2 O 2 , which can travel the distances larger than the cell nucleus [10] . Thus, these species can deliver damaging impacts onto the DNA from the radiation induced damages associated with the presence of NPs in other cell compartments.
The utilized approach for evaluation of the electron production yield has an advantage as compared to other widely used approaches like track structure Monte Carlo simulations, which are utilized in the microdosimetric calculations (see Ref. [87] and references therein). In most of the Monte Carlo simulations, the contribution of collective excitations, which play a significant role in the ionization of gold and other noble metal nanoparticles, is not accounted for. An attempt to do it was made recently in Ref. [28] , where the authors included the contribution of the volume plasmon excitation when calculating the cross sections of electron and proton impact on noble metal nanoparticles by means of Monte Carlo simulations. It was stated that the plasmon excitation does not play an important role in the process of electron emission from metallic nanoparticles, contributing much less to the overall cross sections than individual excitations. In this paper, we have demonstrated that the relative contribution of the surface collective electron excitation to the cross section exceeds that of the volume plasmon by an order of magnitude. Thus, the leading mechanism of electron production by gold nanoparticles is related to the surface plasmon. As a result of this analysis, we have demonstrated that the emission of low-energy electrons from the gold nanoparticles is a prominent effect, which should be accounted for when estimating the production of secondary electrons in a biological medium with embedded nanoparticles.
The calculated spectra of emitted electrons can further be used as the input data for the multiscale approach to the physics of radiation damage [11] . This approach has the goal of developing knowledge about biodamage at the nanoscale and molecular level and finding the relation between the characteristics of incident particles and the resultant damage [11, 15] . Despite the fact that we have explored only the case of gold nanoparticles, we have introduced a general methodology, which can also be applied for other nanoscale systems, currently proposed as sensitizers in cancer therapy. The methodology can also be extended for collisions with heavier ions. In this case, the cross section obtained should be multiplied by a Z 2 scaling factor due to the change of Coulomb field of the projectile. Thus, the presented methodology can be utilized for studying irradiation of sensitizing nanoparticles by carbon ions, which are the most clinically used projectiles, besides protons.
